The purpose of this work was to analyse at the molecular level the DNA recognized by the antibodies to Z-DNA in in situ experiments. Antibodies to Z-DNA interact strongly with R-band positive heterochromatic segments of fixed metaphase chromosomes of Cebus (Viegas-Pequignot et al., 1983) . These segments are constituted of a satellite DNA the repeat unit of which is about 1520 base pairs long. The base sequence of the repeat unit has been determined. It contains a (AC) n rich region which, in vitro, adopts the Z conformation under topological constraints. Experiments with nuclei suggest that this sequence is not predominantly in the Z conformation in vivo. The polymorphic structure of the (AC) n rich region argues for an active recombination sequence.
INTRODUCTION
It is now well recognized that conformational changes can be induced i"n synthetic and natural double-stranded polynucleotides by modification of the environmental conditions (2). Moreover natural closed circular DNA is generally negatively supercoiled. The negative supercoiling raises the DNA free energy which can be utilized in a variety of structural and dynamic processes (3-5). High salt conditions are necessary to induce the B form -Z form transition of poly(dG-dC).poly(dG-dC) while in low salt conditions the B-Z transition of (dC-dG) n .(dC-dG) n sequences in a closed circular DNA is induced by an increase of the negative superhelical density (6). The discovery that the topological constraints can stabilize Z-DNA has strengthened the idea of a biological role for Z-DNA. The presence of Z-DNA has been revealed in fixed nuclei and in fixed metaphase chromosomes by means of antibodies to Z-DNA (6-8). In the genus Cebus, the antibodies to Z-DNA bind to euchromatic and heterochromatic segments of fixed metaphase chromosomes (1). A very heavy staining is detected in large segments which correspond to R-band positive heterochromatin whereas euchromatin shows a weak heterogeneous staining which consistently reproduces the R and T banding pattern. However, questions were raised about the possible role of fixatives (acetic acid, alcohol) used for the cytological preparations in the induction of these stainings since acetic acid may have dramatic effects at the molecular level. The removal of the proteins of the chromatin can change DNA accessibility and topological stress. Moreover, the B form -Z form transition is facilitated by protonation of the bases (9-12). In order to better characterize the DNA sequences recognized by the antibodies to Z-DNA and to give a molecular explanation for the cytological staining, we have undertaken a study of the DNA present in the R-positive heterochromatin regions of the chromosomes of Cebus appella which interacts strongly with the antibodies to Z-DNA. We show that these regions are constituted of a highly repeated DNA of about 1520 bp. This repeat unit contains a (AC) rich sequence which adopts the Z conformation in vitro. In isolated nuclei, it has not been possible to show that this sequence is in the Z conformation.
MATERIALS AND METHODS

DNA Purification
DNA was purified from the liver of a female Cebus appella after Maniatis et al. (13) . The satellite was prepared as described in ref. 14. Briefly, the total DNA was fractionated by preparative centrifugation in BAMD/CS2SO4 density gradient at pH 9.2 using a BAMD/nucleotide molar ratio of 0.12. The DNA concentration at the beginning of the centrifugation was 200 yg per ml.
In these experimental conditions, the satellite was located at the foot of the main DNA peak. BAMD : 3,6-bis(acetomercurimethyl)dioxan was prepared as described in 15.
Construction and Characterization of Plasmids and Phases
Satellite DNA was digested by Haelll (Boehringer). After electrophoretic separation on 1 I agarose gel, the three main bands were electroeluted and then purified on a NACS Prepac column (BRL).
The three fragments have been cloned in the Pstl site of pBR322, by (dCdG) homopolymer tailing (13). Three clones pCHll, pCH21 and pCH31 which carry respectively the satellite Haelll fragments of about 1110, 250 and 160 base pairs (bp) have been studied. The insertion restored the restriction sites of Haelll and Pstl. The (dG-dC) tails were 25-30 bp long. The sequence of the inserts has been determined by the Maxam and Gilbert method (16) . In the case of pCH31 and pCH21, the inserts have been cut from the plasmids and the strands separated on polyacrylamide gels (13).
Some DNA fragments have been cloned in the Smal site of M13mpl8. When necessary, the restriction sites of the fragments have been filled up with Klenow DNA polymerase. TGI cells have been transformed by ligated DNA after Hanahan (17) . The sequence reactions were performed using the dideoxy chain termination procedure (18).
For preparation of radioactive labelled plasmids, HB101 cells carrying the plasmid were grown in minimal medium in the presence of 200 mM adenine and 1 yC per ml of [3H] thymidine (Centre de l'Energie Atomique). Plasmids were prepared according to Birnboim and Doly (19) . Specific activities ranged from 7000 to 15000 cpm per yg of DNA.
Degradation by restriction enzymes (Boehringer) has been performed as recommended by the supplier.
Nuclei Preparation and Nuclease Digestions
Nuclei were prepared from the liver as previously described (20) . Acidic extraction of the nuclei in the presence of 0.3 NaCl was performed as described in 21. The reaction with formaldehyde was done according to the procedure of Solomon and Varshavsky (22) . DNA extracted from the nuclei after SI nuclease action were separated on horizontal agarose gels and transferred on a GeneScreen Plus membrane (New England Nuclear). Prehybridization and hybridization have been performed in 50 % formamide, 1 M NaCl, 1 % SDS. Hybridization was made in the presence of denatured sperm salmon DNA (100 yg/ml). The membranes were washed in 3 SSC, 0.1 % SDS (3 times) and then in 0.1 SSC, 0.1 SDS (2 times) at 12*C. The radioactive probe was a M13mpl8 derivative carrying the full length repeat unit obtained by digestion of the satellite DNA by EcoRI.
Crosslinking of Anti-Z DNA Antibodies to Plasmids
The binding of the antibodies to plasmids was performed as described by Pulleyblank et al. (23) . DNA samples (100 pg/ml) were incubated for 2 hours at room temperature in the presence of antibodies (0.6 mg/ml) in 50 mM NaCl, 10 mM Tris pH 7.4, 10 mM MgSOij, 1 mM DTT, then fixed overnight by glutaraldehyde (0.1 %) . The fixation reaction was terminated with 0.1 % NaBHij and the samples were digested by MnLl. The fragments were analysed on a 10 % polyacrylamide gel. Restriction fragment crooslinked to antibodies molecules do not enter in the gel.
In Vitro SI Nuclease Degradation of the Plasmids DNA at 60 pg per ml in 30 mM sodium acetate, 70 mM NaCl, 1 mM ZnSOi,, pH 1.6 was incubated with 2000 units per ml of SI nuclease (Boehringer) at 37'C for 1 hour. The reaction was stopped by ethanol precipitation after neutralization with 50 mM Tris pH 10.
The pellet was dissolved in 50 mM NaCl, 10 mM Tris-HCl pH 7.2, 10 mM 
''
Other Methods
»
The samples at various superhelical densities were generated and characterized as described in (27). Topoisomerase I from chicken erythrocytes was prepared after (28).
Preparation and affinity chromatographic purification of anti Z-DNA , antibodies have been previously described (29).
Nitrocellulose filter assays were performed as described in (27). The experimental conditions were : medium : 70 mM NaCl, 30 mM EDTA, 5 mM Tris pH 7.2, antibodies concentration 100 nM, DNA concentration 20 pM in molecules of t, plasmid.
Densitometry was done on the photographic negatives of the gels with a Joyce-Loebl microdensitometer.
, RESULTS
The very large R-positive heterochromatic segments which bind the antibodies to Z-DNA are constituted of a repetitive DNA which has been isolated as a satellite (11 790  800  810  820  830  840  TGTGTATTCT GAAAAACTGG TCTAGCACTT AAAGCTCGGA CAGCTTGAGC TGTGTATTTT   850  860  870  880  f  890  900  CAAAAAGTTA TCTCTCGGTG CCATAGCTAA TGAAGTCAAA ATGAGGGATC TGTGTCCACT   910  920  930  940  f  950  960  TGAGTTGAGC ATTCTTTTGT TCATAAAGGA TTCCGCTCTG TTGGAATTCT TTAGAACGGA  4  970  980  990  1000  1010  1020  TTCTCATTCT TGTCAATCCA CTGTCAATTT TCTCTGCTAA TTTCTAGGAG AGGTAACAGA  1030  1040  1050  1060  1070  1080  GTTCATCCAA AAGCACAGGT GTATGAAAGT CCAGATTGAC AAGTAGACTC CACAAACAGG   1090  1100  1110  1120  1130  1140  ,  CACCCAGCTG GAAAAGGGAT The other is a 165 bp fragment which is present in pBR322 and pCHll. It corresponds to the segment between bases 1906 and 2071 (in the numeration of pBR322 after Sutcliffe, 32) . It has to be noted that the only (GO3 sequence the heterochromatic R-positive regions which are also reactive with the antibodies to Z-DNA (Fig. 11) .
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Nuclease Degradation of the Nuclei
We have tested the presence of B-Z junctions in the nuclei. Nuclei were first digested by SI nuclease, the DNA was extracted and then was digested by EcoRl nuclease which releases the complete repeat unit of the satellite. If B-Z junctions were present in the chromatin, SI specific bands are expected to be revealed by hybridization with a satellite probe after electrophoresis.
Incubation with SI nuclease were carried out over a large range of time and concentration but no specific bands were observed (not shown). Similar re suits were obtained when the nuclei were treated in acidic medium in the presence of 0.3 M NaCl (conditions in which some chromatin proteins are released but the nucleosomal structure is preserved (21)) or when the nuclei were treated with formaldehyde (with or without acidic extraction). It has to be noticed that the cruciform structure observed in vitro was not observed in the treated nuclei.
We have also used micrococcal nuclease and DNase 1 in order to study the nucleosomal organization and the pitch of the helix in the (AC) rich region after the procedures described by Gross et al. (33) . Our conclusion is that the conformation of the (AC) rich sequence is, in vivo, very close to the B conformation (not shown).
DISCUSSION
We had shown that the antibodies to Z-DNA bind strongly to some segments of fixed metaphase chromosomes of Cebus. These segments are heterochromatic and are positively stained after R-banding techniques. We now show that these segments correspond to a satellite DNA with a repeat unit of about 1520 bp.
This repeat unit contains a (AC) rich sequence which, in vitro, adopts the Z conformation. By digestion of the chromatin in the nuclei by various nucleases, we are not able to demonstrate that this sequence adopts the Z conformation in the liver cells. (Fig. 3). i) The two direct repeats and the inverted repeat present a low divergency. Their homology and their length argue for the formation of a cruciform and/or slipping structure. The presence of such structures, in vitro, is supported by the sensitivity of this region to SI nuclease when pCHll is supertwisted (a detailed analysis of the behavior of this region as a function of the superhelical density will be published elsewhere).
In the nuclei, we have not been able to demonstrate a cruciform structure for this region.
ii) The (AC) rich region near the base 230 (Pig. 3) can be divided in a (AC) cluster preceded by a sequence rich in (AC) and (ACCCA). A rather large polymorphism is found in this region. The length of the (AC) n cluster as deduced from the study of 20 randomly selected clones varies between 10 and 25 doublets. These large variations are characteristic of DNA sequences which undergo fast unequal crossing-over. A similar (AC) n cluster has been found in the bovine 1.709 satellite (35) .
In the 5' side of the (AC) n cluster, there is a series of ACCCA sequences. Unequal crossing-over of such sequences with (AC) n sequences could participate to the extension of (AC) n cluster according to the mechanism proposed by Smith (36) . Multiple direct repeats of structure (AC) n CCC(AC) m present in this region are in favor of such a mechanism. An exemple could be seen in the clone 10 (Pig. 6) in which an (ACCCA) sequence present in all the other clones has been transformed by the substitution of the central C.
In all the clones but 2, the (AC) n cluster is bordered in 5' by an AGAT sequence. In the case of the two clones in which this sequence is absent one supplementary tetranucleotide is present (Fig. 6) . In 7 clones, the (AC) n cluster is interrupted by one or two nonrelated dinucleotides which might correspond to recombination events in which the dinucleotides flanking the (AC) sequences have been removed.
The region of the (AC) n cluster presents a very complex structure which might reflect the mechanism of recombination. In the case of the repeat unit of bovine 1.709 satellite, the boundary regions of the (AC) n cluster are not related to the ones presented here. In particular, the 5' region is constituted by a (ACGC)^ sequence preceded by a nearly perfect series of cytosines (35) . If the boundary regions are related to the mechanisms of crossing-over (36) , different mechanisms could be at the origin of AC clusters.
On the other hand, sequences similar to that between bases 180 and 250 (Fig. 3) have been found at the tips of the yeast chromosomes and are assumed to be involved in the mechanism of the telomers growth (37) (38) .
It is well established that, in vitro, under topological constraints, (AC) n sequences can adopt the Z-conformation (6-7). Interaction with antibodies to Z-DNA show that the (AC) rich sequence of the repeat unit adopt the Z conformation in vitro when inserted in a supertwisted plasmid (Fig. 8-9 ). SI nuclease degradation evidences the complexity of the behavior of this sequence (Fig. 10) . In a general manner, after incubation of a DNA with SI nuclease and then with the appropriate restriction enzyme, a Z segment gives rise to two doublets corresponding to the cleavage of the two B-Z junctions. The However, these experiments do not mean that Z-DNA does not exist in vivo. It has been reported that Z-DNA is involved in the mechanism of recombination (39) (40) . In the Cebus satellite, the sequence recognized by the antibodies to Z-DNA seems to be an active recombination region. It is tempting to speculate that this sequence could play a role in the mechanism of amplification of the segment which carries it.
